Otoreflectance refers to acoustic pressure reflectance measurements in the ear canal, by the use of a leak-free insertion of a probe assembly, in the frequency or time domain over a range of two or more stimulus levels. Otoreflectance includes an iso-level response indicative of the forward transfer of acoustic energy into the middle ear, and nonlinear responses indicative of the acoustic energy reflected back from the cochlea. The nonlinear otoreflectance decouples the reflected energy in an evoked otoacoustic emission ͑OAE͒ from its subsequent re-reflected energy due to the presence of the ear-canal probe. Nonlinear otoreflectance responses are extremely sensitive to probe distortion, and a double-evoked ͑2E͒ technique, previously used in evoked ͑OAE͒ measurements, is adapted for otoreflectance to solve the distortion problem. Results are obtained using a 2E stimulus set containing a set of three click stimuli delivered through a pair of sources. The corresponding sets of three pressure responses are acquired in a calibration tube, and in the ear canal, and a set of three iso-level ear-canal reflectances is calculated. An evoked OAE can be decomposed into a otoacoustic reflected pressure ͑ORP͒, and a nonlinear otoreflectance is defined by the ratio of the ORP to the initial pressure spectrum. Otoreflectance provides simultaneous measurements of middle-ear and cochlear responses, and has potential, as yet untested, for application to clinical tests for hearing impairments. © 1997 Acoustical Society of America. ͓S0001-4966͑97͒06411-4͔ 
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INTRODUCTION
The underlying cochlear mechanics that generate otoacoustic emissions ͑OAE͒ also produce measurable changes in such ear-canal transfer functions as acoustic impedance, acoustic admittance, and reflectance ͑Jurzitza and Hemmert, 1992; Allen et al., 1995; Keefe, 1995; . Such transfer functions may provide a more fundamental ear-canal description of cochlear mechanical processes, which are observable by ear-canal measurements, than measurements of sound pressure level alone. The need for a transfer function representation of OAEs is exemplified by the observation that the fine structure of evoked OAEs is influenced by the presence of acoustic reflections from the probe assembly inserted within the ear canal ͑Zwicker, 1990͒. A more fundamental representation of fine structure may be obtained by controlling for the acoustic response of the probe assembly. A transfer function measurement requires a calibration procedure that is, ordinarily, highly sensitive to measurement-system distortion and noise. The transfer function is a concept derived from linear-systems analysis, but it can be useful in nonlinearsystem analysis, as long as the measurement-system distortion is controlled.
Otoreflectance ͑OR͒ refers to acoustic pressure reflectance measurements in the ear canal in the frequency or time domain over a range of two or more stimulus levels. The basic idea is to decompose both the acoustic stimulus and the response of the ear into incident and reflected signals. An evoked OAE is a reflected signal from the cochlea ͑Kemp, 1978͒, and it is therefore natural to analyze OAEs within the framework of OR. A typical evoked OAE signal is a superposition of the reflected cochlear signal with its re-reflected signal from the surface of a probe back along the incident direction; higher-order reflections may also be present. The OR technique provides a means to separate the reflected and re-reflected sets of OAE responses.
Within the linear approximation, the ear-canal reflectance is a transfer function that characterizes the acoustic response of the middle ear ͑Stinson et al., 1982; Hudde, 1983; Stinson, 1990; Keefe et al., 1993; Voss and Allen, 1994͒ and that may be useful in detecting and diagnosing middle-ear impairments ͑Keefe and Levi, 1996͒. Under this approximation, the reflectance should be independent of stimulus level. This is the case for sufficiently high ͑and sufficiently low͒ stimulus levels, but, as stated above, the existence of spontaneous and evoked OAEs are evidence of level-dependent changes in reflectance. A reference to a linear transfer function of the ear can be misleading, so that such a transfer function is referred to herein as an iso-level transfer function of the ear. This makes explicit the dependence of the transfer function on stimulus level.
An iso-level transfer function, such as pressure reflectance, then becomes a measure of middle-ear response, but it is implicit that the transfer function depends on the iso-level response of the cochlea ͑e.g., its input impedance at the oval window͒ as well as the contribution from OAEs. Similarly, an evoked OAE measurement is not only influenced by the cochlear response, but also by the middle-ear pathway in both the forward and reverse directions as well as the acoustic reflection properties of the probe assembly. This probe response is controlled in the acoustic transfer function measurement by means of a calibration procedure.
A single-tube calibration measurement technique for acoustic reflectance measurements was developed ͑Keefe, 1996b͒, and applied to the measurement of otoreflectance responses using a probe assembly with a single acoustic source driven by a digital-to-analog converter ͑DAC͒ and a single microphone coupled to an analog-to-digital converter ͑Keefe, 1995͒. One conclusion from this study was that measurement-system distortion was a significant limitation in low-level, nonlinear OR measurements.
This problem was addressed in two stages. The first stage was based on the recognition that nonlinear OR measurements have many similarities to click-evoked otoacoustic emission measurements ͑CEOAE͒, and, more generally, transient-evoked otoacoustic emissions ͑TEOAE͒. Thus the problem of measurement-system distortion in OR could be approached by focusing on the problem of distortion in CEOAEs, the drawbacks of which typically result in the use of time gating to eliminate the initial portion of the CEOAE that is contaminated by probe distortion. This problem was solved for CEOAEs by introducing a double-evoked ͑2E͒ stimulus/response technique based on the use of two DACs, each coupled to its own acoustic source ͑Keefe, 1996a, 1997b; Keefe and Ling, 1997͒ . The second stage is to adapt the 2E technique to OR measurements. This report describes the theory of OR measurement and presents selected results.
1

I. MEASUREMENT THEORY
The theory underlying the otoreflectance measurement technique is described in this section in three parts. The first part describes the technique used to measure an iso-level acoustic reflectance. This differs from the technique used in other investigations of ear-canal reflectance ͑Keefe et al., 1993; Voss and Allen, 1994͒ insofar as only a single-tube response is needed to calibrate the reflectance system. The second part summarizes pertinent aspects of the 2E CEOAE technique. The third part describes the otoreflectance technique using 2E stimulus sets.
A. Reflectance calibration
While a mathematical time-domain description of the theory underlying the single-tube reflectance method is available ͑Keefe, 1996b͒, 2 this section presents the theory in a manner relevant to ear-canal measurements. When mathematical relations are introduced, time-domain ͑frequency-domain͒ variables are represented by lower-case ͑upper-case͒ symbols. Any such pair of variables are related by the Fourier transform ͑FT͒.
Before an ear-canal reflectance can be measured, it is necessary to determine the characteristics of the initial signal, which is delivered by the acoustic source͑s͒ within the probe assembly, and the reflectance of the probe assembly itself. These can be inferred from the pressure signal measured by inserting the probe assembly into one end of a cylindrical calibration tube of length L that is closed at its far end. If the tube is sufficiently long, the short-duration incident signal generated by the probe source is separable from its first-reflected signal, which is the transformation of the incident signal by propagation down the tube, reflection from its closed end, and propagation back to the probe microphone.
The distance x along the tube axis is measured such that xϭ0 lies at the probe surface, which is the location of the short-duration acoustic flow injected into the tube, and x ϭL is the closed end. A small microphone, which is located at xϭ0 within the probe assembly, measures a total initial pressure waveform p 0 (t) in response to this input flow, which is incident in the direction away from the probe toward the closed end. This wave is followed in terms of its subsequent reflections.
It travels a distance L down the tube, is reflected at the closed end, and travels a distance L up the tube arriving back at the probe surface as the signal p r 1 (t). The superscript 1 and subscript r denote that this is the first-reflected wave. The nominal round-trip time is 2L/c, such that c is the freespace phase velocity of sound. By causality, p r 1 (t) is zero for times earlier than 2L/c. The corresponding spectra are related by the round-trip calibration-tube pressure reflectance R c ( f ) defined by
This tube reflectance is entirely determined as a function of frequency using an accurate model of viscothermal propagation in cylindrical tubes, which depends only on its length, cross-sectional area S, and frequency. 3 It is expressed by
where the complex propagation wave number ⌫ is a function of L, S, and f that depends on viscous and thermal conduction parameters of air ͑Keefe, 1984͒. The length and area are known for any particular calibration tube, such that the area is chosen to be similar to an ear-canal area. In the absence of viscothermal losses, the reflectance is a pure time delay e Ϫ j2 f (2L/c) corresponding to the round-trip delay, expressed using the unit imaginary number j. Thus any error in the tube length is approximately equal to a phase error in the reflectance, a property utilized below.
The return wave p r 1 (t) is reflected at xϭ0 from the probe surface and generates a newly incident wave p i 1 (t) that proceeds onward toward the closed end again. The total firstreflected pressure measured by the microphone is p 1 (t) ϭp r 1 (t)ϩp i 1 (t). The source reflectance R 0 ( f ) determines the relationship between the incoming and outgoing pressure waves at the probe surface by
The first-reflected pressure spectrum is
It is assumed that the duration of the input flow is sufficiently short that the initial microphone signal p 0 (t) has completely decayed before the onset of the first-reflected microphone signal p 1 (t). This separability criterion ensures that the microphone signal can be decomposed into the initial and firstreflected signals, and allows calculation of their respective FTs, P 0 ( f ) and P 1 ( f ). An example in Fig. 1 of separability in a measured tube response shows p 0 (t) as the ''Incident pulse'' and p 1 (t) as the ''First-reflected pulse.'' It follows from Eqs. ͑1͒ and ͑4͒ that
so that the source reflectance is calculated in terms of known quantities by
A typical ear-canal probe assembly is comprised of a foam or plastic structure within which are capillary tubes conducting the acoustic signals. There may be some uncertainty in the length of the tube after insertion of the probe assembly into the calibration tube. Moreover, any temperature change lends uncertainty by influencing the phase velocity of sound, and thus the round-trip delay time. Such a perturbation can be represented in terms of a temperaturedependent change in the equivalent length of the calibration tube. In either case, a small change in tube length predominantly modifies the phase of the tube reflectance R c ( f ) and thus produces a phase error in the measurement of the source reflectance R 0 ( f ) via Eq. ͑6͒. In practice, the source reflectance phase averaged across frequency should be close to zero-any linear trend in phase with frequency would, to good approximation, be equivalent to a modification of the tube length. Such a linear trend can be removed by adjusting the equivalent length of the calibration tube. The tube length is set to an initial value indicative of the actual length, and subsequent calibrations adjust this length until the average phase of the source reflectance is in the neighborhood of zero. Small variations in the source reflectance phase within this neighborhood produce no significant changes in the measured ear-canal reflectance. This single-tube technique has the advantages of simplicity and ease of usage without sacrificing accuracy, as has been demonstrated by comparing the results from this technique to the source reflectance calculated by an alternative, multi-tube calibration technique ͑Keefe, 1997a͒. The parsing of the overall round-trip phase into an adjustment of the equivalent tube length is intimately related to causality requirements. The tube length in the model might be adjusted based on formal causality requirements on the source reflectance, noting that the tube reflectance trivially satisfies causality via the separatibility criterion. This approach was not used because the measured reflectance has a limited bandwidth whereas accurate use of causality in the frequency domain requires a full-bandwidth measurement of reflectance.
The primary outputs from the calibration include the initial pressure spectrum P 0 ( f ) and source reflectance R 0 ( f ), while secondary outputs include the equivalent tube length L and the round-trip tube reflectance model R c ( f ) calculated using this length.
Reflectance measurement in the ear canal
After calibration is completed, the probe assembly is inserted into the ear canal of the subject and a pressure response, with waveform p(t) and corresponding spectrum P( f ), is measured using the same electrical stimulus as in FIG. 1. The calibration-tube pressure waveform is illustrated in response to an acoustic click stimulus representing s 1 (t). The incident, first-reflected, and second-reflected pulses lie completely within the measurement duration. Higher-order reflected pulses from the opposite closed end of the tube are allowed to decay before another acoustic click is generated to prevent temporal aliasing of the response.
the calibration-tube response measurements. The ear-canal pressure reflectance to be measured is R( f ).
The ear-canal pressure is the superposition of the individual reflections from the ear canal, which is terminated by the middle ear and cochlea, and from the probe surface. The ear-canal pressure reflectance is a total, round-trip reflectance, which incorporates all reflections from sites distributed along the ear canal, middle ear and cochlea. Any outgoing component from the probe is reflected in accordance with the ear-canal reflectance, and an incoming component to the probe is reflected by the source reflectance. The pressure measured by the microphone can be formally decomposed into an outgoing pressure P i ( f ) and incoming pressure P r ( f ), such that
This method of analysis is in the time domain, although each individual reflection is expressed as a spectrum in the frequency domain to avoid use of convolution. Just as for the calibration tube, the initial acoustic flow produces an initial pressure P 0 ( f ). This outgoing wave is converted into an incoming wave via the ear-canal reflectance so that the initial approximations, denoted by superscripts 0, of the outgoing and incoming spectra are
The explicit dependence of each variable upon frequency is suppressed. This pair of spectra are not separable according to the above separability criterion because their respective waveforms overlap in time.
The incoming spectrum component is re-reflected at the probe surface, and converted to a new component of the outgoing signal with spectrum R 0 P r 0 ϭR 0 RP 0 , and this outgoing component is converted to an incoming signal by the ear-canal reflectance with spectrum RR 0 P r 0 ϭRR 0 RP 0 . The first-order pair of spectra is
By induction, it is clear that each successive component is obtained by the product R 0 R of the reflectances. The incoming and outgoing spectra after m pairs of reflections are
All the multiple reflections are taken into account in the limit of large m, and each of the corresponding sums converge in this limit to a finite result as long as ͉R( f )R 0 ( f )͉Ͻ1. The total outgoing and incoming pressure spectra obtained in this limit are
so that the total microphone pressure spectrum is
͑12͒
The only unknown in this equation is the ear-canal reflectance, which is calculated at an arbitrary frequency by
This is the desired result for measuring an ear-canal reflectance. This relation was previously derived without the use of the inductive summation procedure ͑Keefe, 1996b͒, but the present derivation lends insight into the temporal sequence of acoustic reflections within the ear canal. The technique is iso-level because the incident pressure amplitude is maintained at a constant level. If the level of this incident, or ''input,'' pressure amplitude is modified, then it is straightforward to calibrate the system at each new level and measure an ear-canal pressure response at each corresponding new level. The result is a method to measure otoreflectance. One still needs to control for measurementsystem distortion, which is provided by the 2E technique summarized below.
B. Double-evoked stimulus/response sets and TEOAEs
The basic goal in the 2E technique is to control for measurement-system distortion and thereby obtain a more accurate representation of the cochlear response evoked by an acoustic stimulus presented in the ear canal. This is best accomplished by delivering the stimulus set using two DACs, each coupled to a separate acoustic source, as is customary in distortion-product OAE measurements. The 2E stimulus set is comprised of a set of three elementary stimuli ͕s 1 (t),s 2 (t),s 12 (t)͖ of equal duration. The 2E pressure in the ear canal is measured in response to this stimulus set, and valid responses are ensemble averaged through multiple stimulus presentations. This pressure response is partitioned into three elementary responses ͕p 1 (t),p 2 (t),p 12 (t)͖, corrsponding to each of the elementary stimuli ͕s 1 (t),s 2 (t),s 12 (t)͖, respectively.
The linear response of the ear or coupler is eliminated by forming the double-evoked ͑2E͒ pressure response p D (t) defined by
This 2E response is a measure of nonlinear distortion in the set of responses to the 2E stimuli.
In the double-source variant of the 2E technique used herein, s 1 (t) is output from the first DAC1 and coupled to a first acoustic source, and s 2 (t) is output from the second DAC2 and coupled to a second acoustic source. The third elementary stimulus s 12 (t) is created from the simultaneous presentation of s 1 (t) output from DAC1 and s 2 (t) output from DAC2. It follows that the electrical stimuli satisfy 0ϭs 12 ͑ t ͒Ϫ͓s 1 ͑ t ͒ϩs 2 ͑ t ͔͒. ͑15͒
In the otoreflectance measurements to be described, the s 2 (t) waveform is chosen to be identical to the s 1 (t) waveform except for a possible change in amplitude, and is constructed such that the corresponding pressure responses p 2 (t) and p 1 (t) in the calibration-tube approximate acoustic impulses in the incident portions of their response. This is slightly different than using a click stimulus for s 2 (t) and s 1 (t), in that the impulse response of each the acoustic sources is controlled in the stimulus design. If the acoustic sources are identical, and if s 2 (t) is equal in amplitude to s 1 (t), then s 12 (t) is twice the amplitude of s 1 (t) or s 2 (t), i.e., 6 dB higher in level. The general property, of which this choice of stimuli is an example, is that the change in stimulus amplitude is created using a pair of sources that are each excited at a constant amplitude, so that the measurement-system distortion particular to each DAC and source is held constant, and subsequently eliminated, using the 2E subtraction. The distortion pressure p D (t) in the ear canal is the double-clickevoked otoacoustic emission ͑2CEOAE͒.
Previous results have demonstrated that: ͑1͒ the dominant contributor to measurement-system distortion in CEOAE measurement systems is that due to nonlinearities in the single acoustic source outputting the click; ͑2͒ the use of two acoustic sources reduces measurement-system distortion by approximately 30 dB; and ͑3͒ the use of the 2E technique eliminates the need for time gating of the CEOAE response, which potentially extends the high-frequency limit of clickevoked OAEs ͑Keefe and Ling, 1997͒. These properties are shared in the otoreflectance technique.
C. Otoreflectance
This section describes how the 2E stimulus set is applied to otoreflectance measurements. A slightly modified notation is adopted such that the first argument denotes the time or frequency variable, and a second argument denotes the kth elementary stimulus, where k takes on the values 1, 2, or 12, corresponding to the corresponding electrical stimulus s 1 , s 2 , or s 12 , respectively. A subscript denotes the incident or reflected component.
For each of the three electrical stimuli, data are collected in the single calibration tube, and the incident pressure and the source reflectance of the ER10C probe are measured using the acoustic reflectance technique described earlier. The stimuli are interleaved in a manner similar to that used in a previous study ͑Keefe and Ling, 1997͒, so that a substantively simultaneous calibration is achieved for each of the three stimulus conditions by three independent applications of the acoustic reflectance technique described above. After calibration, data are collected in the ear canal, and the reflectances of the ear are measured for each of the three stimulus conditions, again substantively simultaneously.
The probe assembly is placed in the ear, the electrical stimulus S 1 ( f ) is input to acoustic source 1, and the earcanal pressure P( f ,1) is measured. This measured pressure can be decomposed into a total incident pressure P i ( f ,1) and reflected pressure P r ( f ,1) by
This is equivalent to Eq. ͑7͒, but the dependence on stimulus level is explicit. A similar traveling-wave decomposition is defined for the responses to stimuli S 2 ( f ) and S 12 ( f ). The ͑pressure͒ reflectances-R 1 ( f ) at stimulus level 1, R 2 ( f ) at stimulus level 2, and R 12 ( f ) at stimulus level 12-are defined by
The corresponding reflected pressure responses are thus
With reference to each stimulus level k, the reflectance R k ( f ) is calculated using Eq. ͑13͒, and the total incident pressure P i ( f ,k) and reflected pressure P r ( f ,k) are calculated using Eq. ͑11͒. In this sense, three separate measurements are made of the reflectance at each of three levels, each with its own calibration. The double-evoked otoacoustic reflected pressure response ͑ORP͒ is defined by
Whereas an OAE pressure includes both incident and reflected pressures, the ORP is a function of the reflected pressures and has the property that it differs from zero only if the system tested is nonlinear. This may be advantageous for systems such as the ear in which the primary nonlinearity arises from the reflected component of the response, whereas probe distortion is primarily associated with the generation of the incident component. Any probe ͑and other measurement system͒ distortion produced independently by acoustic source 1 or acoustic source 2 ͑and DAC1 or DAC2͒ is cancelled in the ORP, so that the deterministic nonlinear response is due only to the reflected response of the ear. Although the term ''emission'' is avoided because the representation is in terms of a reflected cochlear signal rather than an emitted cochlear signal, it is the case that the ORP is the total-reflected component of the correspondingly evoked OAE. The interpretation of the ORP depends on the specific choice of s 1 and s 2 . Suppose s 2 (t) is a copy of s 1 (t) rescaled in amplitude by ⑀:
In the experiments to be discussed, s 1 (t) is chosen so as to generate an acoustic impulse, but it may alternatively be selected to be a chirp or other waveform. A nonlinear otoreflectance ⌬R( f ) is defined as the ratio of the ORP pressure response to the incident pressure at the reference stimulus S 12 ( f ):
It is calculated from
The nonlinear otoreflectance is a complex quantity whose magnitude exhibits fine structure characteristic of evoked OAEs. The corresponding iso-level otoreflectance is chosen to be the iso-level pressure reflectance measured at the highest stimulus level R 12 ( f ), for which the saturating nonlinearity associated with OAEs has the smallest effects. Two ranges of values for the gain ⑀ of source 2 relative to source 1 are of particular interest: ͑i͒ ⑀ϭ1, and, ͑ii͒ ⑀ Ӷ1. For case ͑i͒, the acoustic outputs from sources with similar sensitivities, taken without loss of generality to be equal sensitivities after suitable calibration, are equal, except for differences in distortion produced. When s 12 (t) is applied, the acoustic signal in the ear canal is approximately doubled in amplitude, corresponding to a change in SPL of 6 dB. It follows that R 1 and R 2 are independent measurements of the same iso-level reflectance R Ͻ ͑the subscript Ͻ denotes the reflectance measured at the lower level, and subscript Ͼ denotes the reflectance at the s 12 level͒, which might be calculated as the mean value:
The nonlinear otoreflectance in Eq. ͑22͒ would simplify to
which is a simple difference in reflectance measured at two different levels. In practice, the general relation of Eq. ͑22͒ is used. In case ͑ii͒, with ⑀Ӷ1, it may be possible to measure the differential, i.e., nonlinear, otoreflectance with low distortion, but a reduction in ⑀ for constant s 1 amplitude also reduces the signal-to-noise ratio of s 2 . The ORP is based on the decomposition of a TEOAE into reflected and incident components, and represents the total reflected component of the TEOAE. This is a step closer to the underlying model of the TEOAE as representing reflected energy from the cochlea. The pressure signal measured by the probe microphone in response to a click stimulus involves multiple numbers of reflections from the cochlea and middle ear, as well as from the probe assembly. The ORP includes the first-reflected component from the eardrum, but also the second-reflected component that propagates to the probe surface, reflects therefrom, and propagates back to the eardrum and cochlea, where it is reflected back to the probe microphone. Higher-reflected components include multiple round trips between the probe surface and the cochlea. This multiplicity of round-trip paths in the ORP signal may be significant, particularly when the nonlinear component is isolated, insofar as the second-and higher-reflected components are subject to much less saturation due to their drastically reduced incident levels. By analogy with Eq. ͑8͒, it is possible to define a first-reflected otoacoustic reflected pressure (ORP 1 ) that may be regarded as the first-reflected component of the total ORP.
The total reflected pressure P r ( f ,k) for the kth elementary stimulus, introduced in Eq. ͑16͒, is expressed by analogy with Eq. ͑11͒ in terms of the initial ear-canal pressure response P 0 ( f ,k) to the kth stimulus by
The iso-level ORP 1 is defined as the initial-reflected component of the pressure response at the kth stimulus level as follows:
It depends linearly on both the initial pressure spectrum and the kth iso-level otoreflectance. The initial pressure spectra P 0 ( f ,k) are measured directly from the calibration-tube measurements. The nonlinear ORP 1 is defined using the 2E subtraction procedure as
The ORP 1 is expected to differ from the ORP due to the action of a multiple reflection filter M k ( f ), defined for the kth elementary stimulus condition by
This filter is so named because it quantifies the influence of the multiple reflections in the ear canal, i.e., the total and initial reflected pressures are related by
An alternative definition of nonlinear otoreflectance, denoted as ⌬R 0 ( f ), may be constructed as the ratio of the ORP 1 with the initial incident pressure response to the s 12 stimulus as follows:
For the case with ⑀ϭ1 and ideal equivalent acoustic sources in the absence of measurement-system distortion, this nonlinear otoreflectance reduces to the same limiting value as that of Eq. ͑24͒.
II. METHODS AND CALIBRATION RESULTS
Data were acquired at a sample rate of 32 kHz using a stimulus set s(t) comprised of s 1 (t), s 2 (t) and s 12 (t). While the duration of each of these three stimuli was 42.6 ms, the nonzero portion of each stimulus was only a few milliseconds. An Etymotic ER-10C probe was used for all measurements. The click stimulus was designed in preliminary analyses to produce a reasonably flat pressure spectrum from 500 to 10 000 Hz for a short-duration, incident pulse that was measured in the calibration tube. Each DAC output a voltage signal at a level controlled by a Tucker-Davis attenuator at a setting of either 0 or Ϫ10 dB, which was then delivered to each of the acoustic sources of the probe assembly. The stimulus sets were outputted repetitively by the DACs. The calibration tube used in these experiments had a diameter of 0.802 cm, area Sϭ0.505 cm 2 , and length Lϭ212.8 cm. The tube was closed at its far end. For calibration-tube measurements, additional buffers of silence were interposed between s 1 (t), s 2 (t), and s 12 (t) of sufficient duration that the pressure response in the tube decayed to the noise floor before the onset of the succeeding stimulus set. No such buffers were required, or used, in the ear-canal measurements.
The microphone signal after pre-amplification was highpass filtered using an analog filter ͑Krohn-Hite model 3343͒ whose cut-on frequency was 500 Hz, and digitally sampled during data acquisition. The validity of each acquired data buffer was judged based on a real-time intermittent noiserejection technique, which calculates the dissimilarity of pairs of data buffers ͑Keefe and Ling, 1997͒. The analog filter was needed to attenuate the amplitude of intermittent noise at frequencies below the measurement range of interest, which would otherwise have dominated the response of the noise-rejection technique. Although this was only a problem for the ear-canal measurements, it was essential to include the filter during acquisition of the calibration-tube response in order to achieve a proper reflectance calibration. The threshold for rejecting dissimilar responses as invalid was varied for each test run so that, at the final setting, earcanal data were acquired with only a small number of rejections. The ear-canal response was a time average of 32 valid data buffers, with an overall acquisition time as short as 4 s.
The pressure waveform measured in the calibration tube in response to the stimulus s 1 is illustrated in Fig. 1 . The time origin is arbitrary. The round-trip time for a pulse to propagate down the tube and back is 2L/cϭ12.4 ms. The incident pulse is thus clearly separable from the firstreflected pulse and the second-reflected pulse ͑delayed by 4L/c͒. The reflected pulses are not simply attenuated, but also changed in shape, due to the frequency-dependent viscothermal damping of the sound wave at the cylindrical walls. Only the incident and first-reflected pulses are required to calibrate otoreflectance. The calibration tube needs to be sufficiently long that this separability is achieved, but short enough so that the amplitude of the first-reflected pulse is sufficiently above the noise floor.
The low-frequency ringing in each pulse is due to the impulse response of the analog high-pass filter, an effect that was not taken into account in the preliminary stimulus design. The actual pressure waveform did approximate an acoustic impulse in the ear canal, and it is only the filtered electrical output from the microphone pre-amplifier that possessed the ringing tail in its response. It would be advantageous to measure the filter impulse response independently and de-convolve it from responses such as the ones obtained herein.
Separability in time of the incident and first-reflected pulses was used to calculate the source reflectance of the ER10C probe, and the incident and reflected pressure spectra ͑Keefe, 1996b͒. These spectra are illustrated in Fig. 2 in response to the stimulus set ͕s 1 ,s 2 ,s 12 ͖ for which s 2 was attenuated by 10 dB relative to s 1 , i.e., ⑀Ϸ0.31.
As expected from its design, the stimulus set has a reasonably constant incident pressure spectrum in the tube from 500 to 10 000 Hz ͑left plot, Fig. 2͒ . However, the firstreflected pressure spectra decrease in SPL rapidly with increasing frequency above 1000 Hz, and there are problems with measurement noise above approximately 6000 Hz, particularly for the low-level s 2 signal. This noise introduces error into the reflectance calibration, so that the remaining analyses are plotted only up to 6000 Hz. Because of this noise problem, subsequent results were analyzed only for the case where the level of s 2 was the same as that of s 1 , i.e., for ⑀ϭ1.
The ER10C probe forms a complex acoustic termination to an incoming wave. It has a dense foam structure through which three capillary tubes couple the two sources and the microphone to the ear canal into which it is inserted. The pressure reflectance magnitude and phase of the ER10C probe are plotted in Fig. 3 . There are three independent measurements of the source reflectance on these plots, corresponding to each of three stimuli in the 2E stimulus set. The agreement is excellent from 1000 to 5300 Hz. The probe has a resonance just above 2 kHz, and its pressure reflectance magnitude is approximately 0.6, which corresponds to an energy reflectance of 0.36 ͑energy reflectance is the square of the pressure reflectance magnitude͒. This means that 64% of the energy of an incoming sound is absorbed by the probe at this frequency. The probe reflectance is mainly resistive and   FIG. 2 . The pressure spectra of each of the incident components ͑left panel͒, and first-reflected components ͑right panel͒ of the responses in the calibration tube are shown corresponding to each of the three elementary stimuli in the 2E stimulus set ͕s 1 ,s 2 ,s 12 ͖. The responses to s 1 are the spectra of the incident and first-reflected pulses, respectively, shown in Fig. 1. absorbs on the order of 50% of the incoming sound energy above 2 kHz. The acoustic response of the probe is a significant factor in reflectance and OAE tests, and changing probe design can be expected to change its acoustic reflecting properties, and thus the OAE levels measured.
III. OTOREFLECTANCE RESULTS
Responses were measured in two adult male subjects with normal hearing. The ear tested for subject 1 was known to generate spontaneous otoacoustic emissions ͑SOAE͒ and the ear tested for subject 2 had no SOAEs.
Using the stimulus s 1 at 0 dB, the waveform measured in ear canal of subject 1 is shown in Fig. 4 . This response may be directly compared to the calibration-tube waveform in Fig. 1 measured using the same stimulus. The peak pressure in the ear canal is approximately 140 mPa and attenuates rapidly to small levels.
The double-evoked otoacoustic emission ͑2CEOAE͒ waveform for this subject, calculated using Eq. ͑14͒ had a clear onset pattern in its response. 4 The corresponding 2CEOAE spectrum was calculated as the discrete Fourier transform ͑DFT͒ of this waveform and is plotted in the left panel of Fig. 5 using a solid line for the stimulus set in which the attenuator levels of s 1 and s 2 are each 0 dB. The fine structure is replicable, with strong peaks near 2, 3.4, and 4.5 kHz. An estimate of noise is plotted using a dashed line and represents the distortion spectrum calculated using Eq. ͑14͒ based on the pressure responses measured in the calibration tube. The 2CEOAE SPL is larger than the distortion SPL in the tube at all frequencies in the 1000-6000 Hz range, except for isolated notches in the fine structure of the 2CEOAE. The right panel of Fig. 5 illustrates the otoacoustic reflected pressure spectrum ͑ORP͒ calculated using Eq. ͑19͒. For the ear-canal responses, the ORP level exceeds the 2EOAE level in the 5-6 kHz range, and the 2-kHz peak in the 2CEOAE is reduced in the ORP. A large reduction in the tube reflected pressure spectrum is evident.
The pair of plots in Fig. 6 show the iso-level pressure reflectance magnitudes ͑solid lines͒ in response to stimulus s 1 for subject 1 and subject 2. The minimum iso-level reflectance magnitude for subject 2 is approximately 0.6 at 2.7 kHz, corresponding to an energy reflectance of 0.36. The amplitude of the fine structure associated with the iso-level response is much smaller for subject 2 than for subject 1.
The nonlinear otoreflectance calculated using Eq. ͑22͒ is illustrated for each subject in the dashed lines. The fine structure of the nonlinear otoreflectance is similar to the ORP fine structure, as expected from Eq. ͑21͒. The nonlinear otoreflectance tends to be larger in amplitude in subject 1 than in subject 2, and the frequency spacings between relative maxima and minima are similar to those of the click-evoked OAEs in the same subjects.
The ORP 1 responses for subjects 1 and 2 are illustrated in Fig. 7 . The top plot shows the initial pressure spectrum, the middle plot shows the iso-level ORP 1 due to the action of the middle ear as terminated by the cochlear load, and the bottom plot shows the nonlinear ORP 1 with its cochlearinduced fine structure.
The multiple reflection filter function M 1 ( f ) is plotted in Fig. 8 for subject 1, and shows a plateau level of Ϫ2 dB in the vicinity 2.0-5.4 kHz and increasing levels up to 5 dB at lower frequencies, and nearly 2 dB at frequencies up to 6 kHz. The phase is negative below approximately 3.5 kHz, and positive above. Although not plotted, the corresponding function M 12 ( f ) was very similar except for reduced fine structure levels, the origin of which is the fine structure associated with the ear-canal reflectance. The filter function for subject 2 has a similar shape.
IV. DISCUSSION
Otoreflectance provides a unified description of the reflecting properties of the middle ear and cochlea in response to both iso-level and nonlinear stimuli. Such a simultaneous measurement is useful in investigations aimed at cochlear functioning, because the forward transfer of power into the middle ear may be calculated in terms of the iso-level measurement ͑Keefe et al., 1993͒, and the influence of the reflecting properties of the probe assembly on the magnitude of the cochlear reflections is quantified.
There were no cases observed for which the energy reflectance ͉R( f )͉ 2 exceeded unity in the neighborhood of SOAEs, as was observed by for subjects with large SOAEs. This is not surprising because the present study used much higher spectral levels and no particular subject criterion with respect to SOAEs. Their study varied stimulus amplitudes over a range of 25 dB whereas the stimulus amplitude in the present study was varied only by 6 dB.
Regarding the total reflected pressure P r ( f ,12) as an iso-level ORP, the multiple reflection filter can be viewed as the ratio of the iso-level ORP and the iso-level ORP 1 . These results quantify the influence of the standing wave in the ear canal on the SPL associated with OAEs. The ORP 1 eliminates the multiple internal reflections contained in the ORP. The corresponding difference between the nonlinear ORP and ORP 1 was calculated using Eqs. ͑19͒ and ͑27͒. This level difference was negligible at all frequencies between 500 and 6000 Hz for both subjects.
This result is relevant to the nonlinear nature of the cochlear reflectance. In a sequence of publications culminating in Zweig and Shera ͑1995͒, a cochlear-based model of reflectance has been developed that is formally similar to the ear-canal-based model used in this report. While reviewing earlier research, Zweig and Shera observed that as the stimulus level is decreased from high to moderate levels, nonlinear contributions to the cochlear reflectance become more important, and that as stimulus levels are further decreased to the neighborhood of threshold levels, the cochlear reflectances become linear. Their discussion is based on a sinusoidal excitation model, but it has implications for any type of stimulus, including a click stimulus. They explicitly construct the multiple internal reflections in the low-level limit that the cochlear reflectance is linear, and arrive at a power series representation of reflectance of which Eq. ͑10͒, or its summed version, Eq. ͑12͒, are equivalents. Their assumption of level independence is imposed so that each instance in Eq. ͑10͒ of R or powers of R is the same reflectance function. Each higher-order reflection has a progressively lower amplitude weighting proportional to ͉R 0 R͉ m for the mth reflection. If the reflectance did vary with stimulus level, then each instance of R m corresponding to m internal reflections, would correspond to a different set of amplitude-dependent functions.
When a click stimulus is used, the initial wave has the largest amplitude and its cochlear reflectance is in the suppression regime for which the reflectance is nonlinear. The first-reflected pressure arriving back at the probe microphone is proportional to this reflectance, as expressed in Eq. ͑26͒. After subsequent re-reflection from the probe surface, the pressure wave is redirected back into the cochlea, but at a reduced amplitude, as expressed by the rightmost term in the incident pressure in the top of Eq. ͑9͒. Since its level is reduced, the corresponding cochlear reflectance converges to the linear regime with increasing numbers of internal reflections. The observed equality of the nonlinear ORP and ORP 1 in these experiments is consistent with the theory that the multiple internal reflections associated with the click stimu- FIG. 7 . ORP 1 responses for subjects 1 and 2 in the left and right panels, respectively. The top ͑long-short-short dashed͒ lines shows the SPL for the initial spectrum P 0 ( f ). The middle ͑dashed͒ lines shows the SPL for the iso-level ORP 1 P r 0 ( f ,12) for the response to S 12 ( f ). The bottom ͑solid͒ lines shows the SPL for the nonlinear ORP 1 ⌬ P r 0 ( f ).
FIG. 8. The term M 1 ( f )ϭ1/(1ϪR 0 R) is plotted for subject 1 based on the responses to S 1 ( f ): ͑a͒ relative level in dB; ͑b͒ phase in degrees.
lus are functioning in the low-level linear regime of the cochlear response. However, this question remains unresolved. Investigation is needed whether there is any artifact associated with the OR measurement technique. In particular, the iso-level ear-canal reflectance is evaluated using Eq. ͑13͒ based on the representation in Eq. ͑12͒, which assumes that the reflectance is the same for each order of the internally reflected wave.
V. CONCLUSIONS
Otoreflectance ͑OR͒ provides information on sound transmittance into the middle ear via the iso-level pressure reflectance magnitude, because the transmitted energy from the incident wave is proportion to 1Ϫ͉R( f )͉ 2 . Nonlinear OR provides information on cochlear dynamics via the otoacoustic reflected pressure and the otoreflectance pressure. These responses are obtained using in a single ear-canal measurement with an overall duration of approximately 4s, but longer averaging times may be needed to increase the signal-to-noise ratio at lower and higher frequencies. Nonlinear OR at various stimulus levels provides data on the level dependence of cochlear reflections, which can be related to predictions from cochlear models. The ORP and ORP 1 are new types of evoked OAE responses with well-defined relationships to ear-canal reflectance. These OR results are based on the use of pairs of acoustic clicks with no relative time delay. Other stimulus sets exist with interesting properties ͑e.g., pairs of chirps, time delay͒. The use of 2E stimulus/ response sets in OR measurements controls for measurement-system distortion. The OR calibration requires only a single calibration tube, resulting in a simple calibration procedure for the user. A technique based solely on acoustic ear-canal measurements to simultaneously screen and diagnose middle-ear and cochlear impairments would have value in clinical applications. Future tests of OR in this regard are needed on extensive groups of subjects with normal hearing and well-defined hearing impairments.
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1 Some results described in this report have been presented elsewhere in preliminary form ͑Keefe, 1997c͒. Appendix A of Keefe ͑1996b͒ described an alternative reflectance measurement technique to the standard technique described in the main body of the article, and stated that its use in the frequency-domain measurement of reflectance might be preferable to the standard technique. It is not. The difference is that the standard technique uses only a relatively small time interval in the calibration-tube waveform to calculate the source reflectance, whereas the alternative technique uses the entire calibration-tube waveform. It was assumed that the use of the entire waveform might lead to improved accuracy, but this has been tested and the accuracy is lessened.
The reason is that the alternative technique simply adds more noise to the system. 3 There is a small thermal correction to the ideal closed-end reflection assumed in the theory described. It can be neglected because the calibration tube is sufficiently long that the wall losses along the tube dominate over the thermal loss at the closed end.
